The pore-forming ␣ subunits of many ion channels are associated with auxiliary subunits that influence channel expression, targeting, and function. Several different auxiliary (␤) subunits for large conductance calcium-dependent potassium channels of the Slowpoke family have been reported, but none of these ␤ subunits is expressed extensively in the nervous system. We describe here the cloning and functional characterization of a novel Slowpoke ␤4 auxiliary subunit in human and mouse, which exhibits only limited sequence homology with other ␤ subunits. This ␤4 subunit coimmunoprecipitates with human and mouse Slowpoke. ␤4 is expressed highly in human and monkey brain in a pattern that overlaps strikingly with Slowpoke ␣ subunit, but in contrast to other Slowpoke ␤ subunits, it is expressed little (if at all) outside the nervous system. Also in contrast to other ␤ subunits, ␤4 downregulates Slowpoke channel activity by shifting its activation range to more depolarized voltages and slowing its activation kinetics. ␤4 may be important for the critical roles played by Slowpoke channels in the regulation of neuronal excitability and neurotransmitter release.
The pore-forming ␣ subunits of many ion channels are associated with auxiliary subunits that influence channel expression, targeting, and function. Several different auxiliary (␤) subunits for large conductance calcium-dependent potassium channels of the Slowpoke family have been reported, but none of these ␤ subunits is expressed extensively in the nervous system. We describe here the cloning and functional characterization of a novel Slowpoke ␤4 auxiliary subunit in human and mouse, which exhibits only limited sequence homology with other ␤ subunits. This ␤4 subunit coimmunoprecipitates with human and mouse Slowpoke. ␤4 is expressed highly in human and monkey brain in a pattern that overlaps strikingly with Slowpoke ␣ subunit, but in contrast to other Slowpoke ␤ subunits, it is expressed little (if at all) outside the nervous system. Also in contrast to other ␤ subunits, ␤4 downregulates Slowpoke channel activity by shifting its activation range to more depolarized voltages and slowing its activation kinetics. ␤4 may be important for the critical roles played by Slowpoke channels in the regulation of neuronal excitability and neurotransmitter release.
Key words: potassium channel; ␤ subunit; in situ hybridization; Slowpoke; maxi K; calcium-dependent potassium channel Large conductance calcium-dependent potassium (K C a or maxi K) channels are ubiquitous in nerve, muscle, and other cell types Vergara et al., 1998) . They play a particularly important role in neuronal signaling, because they respond to both the intracellular calcium concentration and the membrane potential. Neuronal K C a channels are enriched in axons and synaptic terminals . They not only contribute to action potential repolarization and the control of firing frequency but also are critical for the regulation of neurotransmitter release (Gho and Ganetzky, 1992; Robitaille and Charlton, 1992; Robitaille et al., 1993; Bielefeldt and Jackson, 1994) . These channels are key integrators of neuronal activity, because they provide a link between intracellular biochemical messenger systems and the electrical properties of the plasma membrane.
The pore-forming ␣ subunits of K C a channels are encoded by the Slowpoke genes that have been described in many organisms (Adelman et al., 1992; Butler et al., 1993; Dworetzky et al., 1994; Pallanck and Ganetzky, 1994; Tseng-Crank et al., 1994) . Although these ␣ subunits can form functional channels when they are expressed alone in heterologous host cells, they may often be associated with auxiliary subunits in native tissues. For example, K C a channels purified from smooth muscle consist of the ␣ subunit together with a 20 -25 kDa membrane protein that has been termed a ␤ subunit Hanner et al., 1998) . Voltage-dependent sodium, calcium, and potassium channels also copurify with ␤ and other subunits that are important for channel expression, membrane targeting, and modulation (Isom et al., 1994; Rettig et al., 1994; Dunlap et al., 1995; Rhodes et al., 1995; Trimmer, 1998) .
Slowpoke channel ␤ subunits have been cloned from several sources. When the first-described ␤1 subunit is coexpressed with the ␣ subunit, it can modulate Slowpoke channel activity, influence channel modulation by protein kinases, and alter toxin binding to the channel (McManus et al., 1995; Dworetzky et al., 1996; Tseng-Crank et al., 1996) . This ␤1 subunit also binds estradiol and may mediate the activation of K C a current by the hormone in vascular smooth muscle (Valverde et al., 1999) . A related protein has been cloned from quail (Oberst et al., 1997) , but its functional properties have not yet been investigated. More recently, a protein that confers rapid inactivation on Slowpoke channels has been described. This protein, named ␤2 by one group (Wallner et al., 1999) and ␤3 by another (Xia et al., 1999) , exhibits ϳ45% identity with ␤1, and the overall membrane topologies of ␤1 and ␤2/3 are identical, with two transmembrane regions separated by a large extracellular domain. ␤1 is expressed prominently in peripheral tissues, including smooth muscle, but only to a very limited extent in brain (TsengCrank et al., 1996) . ␤2/3 is expressed in many tissues (Wallner et al., 1999; Xia et al., 1999) , and it is likely responsible for the rapid inactivation of K C a current in adrenal chromaffin cells (Solaro and Lingle, 1992; Solaro et al., 1995) and some neurons (Hicks and Marrion, 1998) .
The K C a channels formed by coexpressing hSlo and h␤1 are pharmacologically distinct from those present in brain, and a different ␤ subunit has been identified in brain membranes by biochemical approaches (Wanner et al., 1999) . We describe here the cloning, expression pattern, and functional properties of a novel Slowpoke auxiliary subunit in human brain. This protein, which we call h␤4, is only distantly related to the known Slowpoke auxiliary subunits. We also have cloned the mouse ortholog m␤4. Under the conditions we have examined, the effects of ␤4 on Slowpoke channel properties are diametrically opposite to those of ␤1 and ␤2/3 in that channel activity is downregulated by ␤4. Slowpoke ␤4 may contribute to the modulation of neuronal excitability and neurotransmitter release by Slowpoke family channels.
MATERIALS AND METHODS
Cloning and sequence anal ysis. h␤4 was identified and cloned using the strategy described in Results (GenBank accession number AF215891). To clone a mouse homolog, a BL AST search of the mouse E xpressed Sequence Tag (EST) database was performed using the human sequence as the input. One significant hit was obtained with GenBank accession number AI180680. This EST did not encode a f ull-length mouse homolog, but the sequence was used to design 3Ј and 5Ј rapid amplification of cDNA ends (R ACE) primers. R ACE reactions were performed with these primers using mouse brain cDNA (C lontech, Palo Alto, CA). A f ull open reading frame could be deduced from the cloned and sequenced R ACE products (GenBank accession number AF215892). T wo new primers were designed in the 3Ј untranslated region after the stop codon and were used to obtain a f ull-length physical clone from mouse brain cDNA. This was cloned into pcR2.1(TOPO; Invitrogen, San Diego, CA). The h␤4 and m␤4 clones were subcloned and epitope-tagged with a V5-His tag in the mammalian expression vector pcDNA3.1 V5-His (Invitrogen). They also were subcloned into the pIRES2-EGFP vector (C lontech), a bicistronic vector that allows coexpression of h␤4 and green fluorescent protein (GFP) in the same cell. All constructs were sequenced throughout the f ull open reading frame (ABI Prism system; Brandeis University Sequencing Facility, Waltham, M A). No PCRinduced nucleotide change was observed in any of the R ACE products or Figure 1 . Sequence analysis of Slowpoke ␤ subunits. a, Amino acid sequences of h␤4 (GenBank accession number AF215891), m␤4 (GenBank accession number AF215892), and h␤1 (GenBank accession number U38907) are aligned by the clustal method. Amino acids conserved in the ␤ subunits are boxed. The horizontal bars indicate the two predicted membrane-spanning regions in ␤4, and conserved cysteine residues in the predicted extracellular loops are marked by arrows. b, Phylogenetic tree of Slowpoke ␤ subunits cloned to date. The length of each pair of branches represents the evolutionary distance between sequence pairs, as measured by the number of substitution events. The Slowpoke ␤4 subunits described in this paper form a gene family distinct from other ␤ subunits, which fall into a separate and evolutionarily conserved family. The GenBank accession numbers for the previously cloned ␤ subunits used in this analysis are as follows: rat ␤, 1718491; dog ␤, 1127826; cow ␤, 508846; rabbit ␤, 2662318; h␤1, U38907; m␤1, 2347044; quail ␤, U67865; and h␤2/3, AF099137. Figure 2 . Analysis of ␤4 expression using human multiple tissue (top panels) and brain region (bottom panels) Northern blots. A predominant 1.6 kb band is detected in brain, particularly in cortical regions, and a minor 5 kb band is also seen in brain. Fainter signals can also be detected in peripheral tissues. Lanes: 1, heart; 2, brain; 3, placenta; 4, lung; 5, liver; 6, skeletal muscle; 7, kidney, 8, pancreas; 9, spleen; 10, thymus; 11, prostate; 12, testes; 13, ovary; 14, small T issue and brain reg ion distribution. A PCR fragment from the h␤4 clone was labeled with 32 P and used to probe human multiple tissue and brain region Northern blots (Clontech). In situ hybridization was performed with human cRNA probes corresponding to hSlo ␣ subunit, h␤1, h␤2/3, and h␤4, essentially as described previously (Stahl et al., 1999) , using 12 m fresh-frozen sections prepared from cynomolgus monkey tissues and human brain (obtained from the Harvard Brain Tissue Resource Center, Belmont, MA). Human and monkey aorta and adrenal gland sections were used as positive controls for h␤1 and h␤2/3 probes, respectively.
Mammalian cell e xpression. Human embryonic kidney 293 (H EK 293) cells were maintained in M EM supplemented with 10% fetal bovine serum (FBS) and 1% penicillin -streptomycin (pen -strep). Chinese hamster ovary (CHO) cells were cultured in Ham's F12 nutrient mixture plus 10% FBS and 1% pen -strep. C ells were seeded on poly-D-lysinecoated coverslips and transfected the next day with appropriate expression plasmids using Lipofectamine Plus (Life Technologies, Gaithersburg, MD) according to the manufacturer's guidelines. Coimmunoprecipitation and Western blot. These experiments were done as described previously (Z hou et al., 1999) . Epitope-tagged h␤4 or m␤4 in pcDNA3.1 was expressed in H EK 293 cells, either alone or together with hSlo or mSlo ([kindly provided by Steve Dworetzky (Bristol-Myers Squibb, Wallingford, C T) and Larry Salkoff (Washington University, St. L ouis, MO), respectively]). Forty-eight hours after transfection, the cells were lysed and incubated with antibody directed against mSlo or against the His epitope (Invitrogen). The mSlo antibody recognizes a region in the C -terminal domain of both mSlo and hSlo (H. Wen and I. B. Levitan, unpublished observations). The immune complexes were precipitated by incubation with protein A /G PLUS-Agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA). Proteins in the lysates or immunoprecipitates (I Ps) were separated on polyacrylamide gels and transferred to a nitrocellulose membrane. After blocking with 5% nonfat milk in TBST (0.1% T ween 20 in Tris-buffered saline), the blots were probed with primary antibodies directed either against mSlo or the V5 epitope. Horseradish peroxidase (HRP)-coupled anti-V5 (Invitrogen) was used as the primary antibody for h␤4/m␤4 blots, so no secondary antibody was required. HRP-coupled donkey anti-rabbit IgG (Amersham Pharmacia Biotech, Arlington Heights, IL) was used as the secondary antibody for hSlo/mSlo blots. Membranes were washed with TBST, and protein was visualized with an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech).
Electrophysiolog y. H EK 293 and CHO cells were used for recordings 1-3 d after transfection. C ells expressing GFP were identified by their green fluorescence, and all such green cells were found to exhibit current. Macroscopic currents were recorded from inside-out patches within several minutes of detaching the patch or in the whole-cell recording mode after the currents had stabilized. Solutions for inside-out patch recordings consisted of (in mM): 150 KC l, 10 H EPES, 5 Na-EGTA, and 0.5 MgC l 2 , pH 7.2 on both sides of the patch. C alcium was added to the intracellular side in an appropriate amount to give a final free calcium concentration of 0.3, 1, and 3 M as calculated with Equal software from Biosoft (C ambridge, UK). Solutions for whole-cell recordings were as follows: bath solution, 145 mM NaC l, 5 mM KC l, 1 mM MgC l 2 , 1 mM CaCl 2 , and 10 mM H EPES, pH 7.2; electrode solution, 150 mM KC l, 10 mM H EPES, 5 mM Na-EGTA, 0.5 mM MgC l 2 , and 10 M free calcium, pH 7.2. All chemicals were from Sigma (St. L ouis, MO) or Fisher Scientific (Houston, TX), except synthetic charybdotoxin, which was purchased from Research Biochemicals (Natick, M A). E xperiments were controlled and recorded on-line with pC lamp 7 software (Axon Instruments, Foster C ity, CA). Currents were amplified with an Axopatch 200A amplifier (Axon Instruments). Data were analyzed with pC lamp7, filtered off-line at 1 kHz and leak subtracted if necessary. For activation curves, cells were held at Ϫ100 mV, and depolarizations in steps of 10 mV were applied for 150 msec. The maximal conductance (G max ) was calculated from deactivating tail currents. For lower calcium concentrations, G max was estimated from recordings done on the same patch at a higher calcium concentration. Conductance data were expressed as G/G max and were fitted to the Boltzmann equation. All results are presented as mean Ϯ SEM, and statistical significance was assessed by ANOVA analysis with Bonferroni's multiple comparison post test. 
RESULTS

Cloning and sequence analysis of human and mouse Slowpoke ␤4
To search for novel Slowpoke auxiliary subunits expressed in brain, we used a strategy of identifying brain proteins that are distantly related to the known ␤ subunits. A monkey striatal cDNA library was analyzed by high-throughput single-pass sequencing and automated BLAST searching of ESTs as described previously (Pan et al., 1997) . A clone was identified on the basis of limited homology to the N terminus of the quail putative Slowpoke ␤ subunit (GenBank accession number U67865; blastp score, 70; p ϭ 0.00011; no blastn value). It also could be aligned with the N terminus of the human Slowpoke ␤1 subunit (h␤1). The complete sequence of this clone was determined by primer walking and found to contain an open reading frame encoding a protein of 210 amino acids. A probe comprising the first 213 nucleotides of the open reading frame was used to screen a human fetal brain cDNA library, and several identical clones were obtained and sequenced. The open reading frame of these clones encodes a protein of 210 amino acids (Fig. 1a, top line) , identical to the monkey protein. This protein exhibits only 20% amino acid identity with h␤1 [in contrast, h␤1 and h␤2/3 are 43% identical (Wallner et al., 1999; Xia et al., 1999) ] (Fig. 1a, bottom line) , and so this novel Slowpoke auxiliary subunit is designated h␤4. h␤4 is more closely related to h␤2/3 (29% identity), but it lacks the N-terminal inactivating particle and does not confer inactivation on Slowpoke ␣ subunits (see below).
A mouse homolog of h␤4 was identified by BLAST search of the mouse EST database. The m␤4 protein is 94% identical to h␤4, with only a single nonconservative amino acid difference (Fig. 1a) . The phylogenetic analysis in Figure 1b emphasizes the distinction between the previously described Slowpoke ␤ subunits and mouse and human ␤4. Like ␤1 and ␤2/3, the ␤4 subunits contain two predicted membrane-spanning regions (Fig. 1a, horizontal lines), with a large extracellular loop between them containing conserved cysteine residues (Fig. 1a, arrows) and two putative sites for N-linked glycosylation.
Expression pattern of human Slowpoke ␤4
h␤4 expression was first analyzed using multiple tissue Northern blots and brain region Northern blots (Fig. 2) . h␤4 is expressed predominantly in human brain (Fig. 2, top panels, lane 2) , with a major mRNA product at 1.6 kb and a minor one at 5 kb, whereas only limited expression is observed in non-neural tissues (lanes 1,  3-16 ). Indeed, no signal could be detected in sections of these non-neural tissues by in situ hybridization (see below). Within the brain regions analyzed, expression is highest in cortical regions (Fig. 2, bottom panels) .
Tissue and regional expression of Slowpoke ␣ and ␤ subunits was analyzed further in human and monkey by in situ hybridization. ␤4 is expressed in all layers of human cortex (Fig. 3, left  panel ) , and no signal is detected with a sense ( S) probe (Fig. 3 , middle panel ). At higher magnification (Fig. 3, right panel ) , hybridization can be seen predominantly over human cortical neurons. Film autoradiography of monkey brain sections (Fig. 4) demonstrates widespread expression of Slowpoke ␣ subunit (Slo) and h␤4 (top panels), particularly in cortex, basal ganglia, infundibulum, and hippocampus. Expression of h␤2/3 is less robust, Figure 5 . Analysis of Slowpoke ␣ and ␤ subunit expression in different regions of monkey brain. Emulsion autoradiograms of monkey brain sections, labeled with antisense probes to detect Slowpoke ␣ (Slo, top row), ␤4 (second row), ␤2/3 (third row), and ␤1 (bottom row) subunits, were viewed under dark-field illumination. Slo and ␤4 are expressed in cortex (CTX ), in the dentate gyrus (arrow) and CA3 (arrowhead) regions of hippocampus (HIP), and in thalamus (THL). ␤2/3 is expressed at lower levels and in apparently fewer cells in cortex and hippocampus and is not detected in thalamus. ␤1 expression is not detectable in any of these areas (10ϫ magnification). and virtually no h␤1 mRNA can be detected (Fig. 4, bottom  panels) . It is also evident from emulsion autoradiography of monkey brain sections that there is a striking overlap in expression of Slowpoke ␣ subunit (Fig. 5, top row) and h␤4 (Fig. 5 , middle row) in multiple neuronal populations in cortex (CTX ), dentate gyrus, and CA3 regions of hippocampus (HIP) and thalamus (THL). The bottom two rows in Figure 5 confirm that there is more limited expression of h␤2/3 and no expression of h␤1 in these brain regions. ␤4 expression is also detected in spinal motor neurons, sympathetic neurons of the superior cervical ganglion, and a subpopulation of dorsal root ganglion neurons (data not shown). This extensive brain distribution of ␤4 may be contrasted with the situation in human aorta in which Slowpoke ␣ subunit (Fig. 6, top panel ) and h␤1 (Fig. 6, bottom panel ) are expressed prominently, but h␤4 mRNA cannot be detected (Fig. 6, middle  panel ) . In addition, despite the faint signal from these tissues on Northern blots, no ␤4 expression is detected in sections of monkey heart, skeletal muscle, pancreas, liver, testes, lung, or adipose tissue by in situ hybridization (data not shown).
Slowpoke ␤4 binds to hSlo
To determine whether ␤4 is indeed a Slowpoke auxiliary subunit, we first asked whether it can coimmunoprecipitate with Slo. When HEK 293 cells are transfected with hSlo together with h␤4 and hSlo is immunoprecipitated with a specific antibody, h␤4 can be detected in the immunoprecipitate (Fig. 7a, lane 1) . It is interesting that two coimmunoprecipitating protein bands are seen, one with an apparent molecular weight (ϳ29 kDa) equivalent to that predicted for the epitope-tagged h␤4, and the second several kilodaltons larger (lane 1). Although the higher molecular weight band is barely detectable in the cell lysate (lane 2) and in a h␤4 immunoprecipitate (lane 3), it clearly is enriched relative to the smaller band in the hSlo immunoprecipitate (lane 1). No h␤4 staining is observed in hSlo immunoprecipitates from cells in which either hSlo (lane 4 ) or h␤4 (lane 5) is transfected alone. A similar result is observed when the interaction between mSlo and m␤4 is analyzed (Fig. 7b) . In this case, the higher molecular weight m␤4 band is more evident in the lysate (lane 2) and m␤4 immunoprecipitate (lane 3), but it too preferentially coimmunoprecipitates with mSlo (lane 1). These results suggest that h␤4 and m␤4 may exist in several different post-translationally modified forms, one of which binds preferentially to Slowpoke ␣ subunits. Slowpoke-␤4 binding is also observed when the experiment is done by immunoprecipitating epitope-tagged ␤4 and probing for Slowpoke ␣ subunit with anti-Slowpoke antibodies (data not shown).
Slowpoke ␤4 modulates hSlo activation kinetics hSlo current was measured in inside-out membrane patches from HEK 293 cells transfected with hSlo ␣ subunit. As shown in Figure 6 . Analysis of Slowpoke ␣ and ␤ subunit expression in monkey aorta. Emulsion autoradiograms of sections of monkey aorta labeled with antisense probes to Slowpoke ␣ (Slo, top panel ), ␤4 (middle panel ), and ␤1 (bottom panel ) subunits were viewed under dark-field illumination. Silver grains representing mRNA encoding ␣ and ␤1 subunits are readily visible over smooth muscle layers in the wall of the monkey aorta, whereas ␤4 expression is not detectable (10ϫ magnification). Figure 8a , activation of the current in response to a depolarizing voltage step to ϩ80 mV is much slower in cells cotransfected with h␤4. The time constant () for activation of hSlo current is 7.4 Ϯ 1.2 msec (n ϭ 9) in the absence and 39 Ϯ 7.5 msec (n ϭ 5) in the presence of h␤4 (Fig. 8b) . A similar slowing of activation was observed at all other voltages examined between ϩ70 and ϩ120 mV (data not shown). This may be contrasted with h␤1, which does not influence the time course of activation ( of 7.8 Ϯ 1.4 msec, n ϭ 4) (Fig. 8b) . A different pattern is observed when hSlo deactivation is considered. As is evident from inspection of the current traces in Figure 8a , h␤4 has little or no effect on the deactivation kinetics, and this is confirmed by the deactivation values in Figure 8c ( of 3.0 Ϯ 0.9 msec, n ϭ 9 in the absence of h␤4; of 5.5 Ϯ 1.9 msec, n ϭ 5 in the presence of h␤4). Again this may be contrasted with h␤1 which, as shown previously (Dworetzky et al., 1996; Tseng-Crank et al., 1996) , slows deactivation ( of 14 Ϯ 1.7 msec, n ϭ 4) (Fig. 8c) .
Slowpoke ␤4 modulates the voltage dependence of hSlo activation h␤4 can also influence the steady-state activation of hSlo. In cells cotransfected with h␤4, the voltage dependence of hSlo activation is shifted some 50 mV to the right compared with cells transfected with hSlo alone (Fig. 9a) . This requirement for greater depolarization to activate the current is apparent at all calcium concentrations examined in the range from 0.3 to 3 M (Fig. 9b) . In marked contrast, as shown previously by many workers (McManus et al., 1995; Dworetzky et al., 1996; Tseng-Crank et al., 1996; Wallner et al., 1996; Xia et al., 1999) , h␤1 shifts the voltage required for half-maximal activation by 20 -50 mV in the opposite direction (Fig. 9b) . A similar result has been reported for h␤2/3 (Wallner et al., 1999; Xia et al., 1999) .
Slowpoke ␤4 modulates toxin block of hSlo
Because auxiliary subunits often alter the effects of pharmacological agents on Slowpoke channel ␣ subunits, we tested the effects of h␤4 on the block of hSlo current by the scorpion venom toxins charybdotoxin and iberiotoxin, in the whole-cell patch recording configuration. As shown in Figure 10 , a and b, in cells transfected with hSlo and control vector, the current is blocked 90% or more by 300 nM of either toxin ( filled symbols). In the presence of h␤4, in contrast, no block at all is observed by 300 nM toxin (Fig. 10a,b , open symbols), and even as much as 1 M iberiotoxin is without effect (Fig. 10a) . h␤1 (Dworetzky et al., 1996; Zhou et al., 1998) and h␤2/3 (Xia et al., 1999 ) also decrease channel sensitivity to toxins but to a much smaller extent.
DISCUSSION
The pattern of neuronal electrical activity can vary widely from one neuron to another. Much of this diversity in electrical activity arises from differences in potassium channel activity in different cells. A large number of genes that encode potassium channels have been identified (Jan and Jan, 1997) , and some of these are subject to extensive alternative splicing that can generate even greater diversity (Schwarz et al., 1988; Adelman et al., 1992; Tseng-Crank et al., 1994 ). Yet another mechanism that is a major contributor to functional diversity is the interaction of the poreforming ␣ subunits of potassium channels and other channels with a wide variety of auxiliary proteins that can influence channel expression, membrane localization, and gating properties (Isom et al., 1994; Rhodes et al., 1995; Trimmer, 1998) .
We describe here human and mouse genes for a novel auxiliary subunit of the Slowpoke family of large conductance K C a channels. This protein, which we call Slowpoke ␤4, was originally identified as a candidate Slowpoke auxiliary subunit on the basis of its amino acid sequence homology with a known Slowpoke ␤ subunit. Although the predicted membrane topology of ␤4 is similar to that of ␤1 and ␤2/3, the sequence homology in fact is very limited. In addition, ␤4 exhibits a unique tissue distribution and modulates Slowpoke channel activity very differently from the Slowpoke ␤ subunits that have been described previously. ␤4 is also distinct from the several Slowpoke-interacting proteins that have been identified recently by yeast two-hybrid screens (Schopperle et al., 1998; Xia et al., 1998; Zhou et al., 1999) . Particularly noteworthy is our finding that h␤4 is unique among Slowpoke ␤ subunits in that it is expressed predominantly in the brain and peripheral nervous system. Northern blots show predominant expression in brain, especially cortical regions, and this is readily confirmed by in situ hybridization. Although there is a weak signal from several non-neural peripheral tissues on Northern blots, we could not detect expression of ␤4 in these tissues by in situ hybridization. The most striking result of these localization experiments is that the expression of ␤4 in brain and peripheral sensory neurons overlaps with that of Slowpoke ␣ subunit, suggesting that ␤4 is available to interact with and modulate Slowpoke in most neurons. Recent protein purification experiments have identified a Slowpoke-binding protein in rat brain that is immunologically distinct from and smaller than the smooth muscle ␤1 subunit (Wanner et al., 1999) . It will be of interest to determine whether this copurifying protein is related to Slowpoke ␤4.
The actions of h␤4 on hSlo channel activity are also unique. The two major modulatory effects we have observed, a slowing of activation kinetics and a shift of the voltage dependence of activation to more depolarized voltages, will combine to produce a marked downregulation of channel activity. This may be contrasted with the ␤1 subunit, which shifts the voltage dependence of the channel to more hyperpolarized voltages and slows deactivation, thereby increasing channel activity. The net effect of h␤2/3 is harder to assess, because it both shifts the voltage dependence to more hyperpolarized voltages and also causes channel inactivation (Wallner et al., 1999; Xia et al., 1999) . Nevertheless, it can be predicted with confidence that ␤1, ␤2/3, and ␤4 will have very different effects on the excitability of the cells in which they are expressed. For example, neurons that express h␤4 in their axons and nerve terminals are likely to be more excitable, and release of neurotransmitter is likely to be prolonged compared with those that express ␤1 or no auxiliary subunit at all. It is also conceivable that auxiliary subunit binding is not constitutive, but itself is regulated by signals that impinge on a neuron, thereby allowing a rapid and dramatic shift in neuronal electrical properties (for an example of this, see Zhou et al., 1999) . This idea is especially intriguing in the case of ␤4 because of our finding that it can exist in cells in at least two distinct forms, one of which binds preferentially to Slowpoke ␣ subunit. It will be important to determine whether such dynamically regulated interactions of auxiliary subunits with ion channels contribute to neuronal plasticity in the mammalian brain and whether these interactions are perturbed in disease states or other pathological situations.
